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Abstract
Data taken by the ALEPH detector at LEP in 1992 and 1993 have been analysed. Protons
and antiprotons in hadronic events are identied by their rate of ionization energy loss dE=dx.
Two particle proton{antiproton correlations are studied in rapidity, azimuth and cos 
?
, the
angle between proton and sphericity axis in the proton{antiproton rest frame. A strong
local compensation of baryon number in rapidity is observed: given a tagging proton, 70%
of the excess of additional antiprotons over additional protons is found within one unit of
rapidity from the proton. No evidence for an anticorrelation in azimuth is seen. A prominent
peak at j cos 
?
j = 1 is observed, in contrast to the expectation for an isotropic cluster decay
mechanism.
Contribution to the International Europhysics Conference on High Energy Physics,
Brussels, Belgium, July 1995.
1 Introduction




annihilations into hadrons is poorly un-
derstood. Single particle spectra are reproduced by many phenomenological models, and provide
little discriminating power. By considering two particle correlations a clearer insight into baryon
production is sought. In this note, correlations between protons and antiprotons are studied in ra-
pidity, azimuth and cos 
?
, the angle between proton and sphericity axis in the proton{antiproton
rest frame. Hereafter \proton" will refer to both protons and antiprotons unless specied other-
wise. Protons are identied by their dE=dx.
In the two commonly-used phenomenological models, baryons are produced
(a) by the isotropic decay of colourless quark{antiquark clusters of sucient mass, as im-
plemented in the HERWIG [1] Monte Carlo; or
(b) by the introduction of diquarks as additional partons, as implemented in the JETSET
[2] Monte Carlo.
The diquark{antidiquark pair produced by breaking the string in JETSET have compensating
transverse momenta. In addition to a simple diquark pair, several breaks in the colour eld
connecting diquark and antidiquark are permitted (the so called popcorn mechanism), allowing
the creation of a meson \between" baryon and antibaryon, and reducing any correlation between
them. In the default setting, 50% of baryons are produced by the popcorn mechanism.
The cluster decays in HERWIG cause baryon{antibaryon pairs to be found nearby in phase
space, but with compensating transverse momentum. Such correlations are expected to be weaker
in JETSET, due to the presence of the popcorn mechanism, and because the nal momentum of
the baryon depends on the additional quark needed to accompany the diquark, which is produced
in a separate string break.
At LEP, baryon{antibaryon correlations have so far been measured in 

 pairs [3, 4] and 


combinations [4, 5], and were found to be in qualitative agreement with the popcorn mechanism.
2 Event selection and proton identication
Data taken with the ALEPH detector at LEP in 1992 and 1993 were used. Hadronic events
were required to have at least ve well reconstructed charged tracks having a total energy of at
least 20% of the centre-of-mass energy, with standard track selection criteria. The sphericity axis
was required to have a polar angle 
sph






to ensure that the event
was well contained in the detector. A sample of 507 977 events was selected from 1992 data,
and 519 824 from 1993 data. In the corresponding Monte Carlo
1
samples 1 572 686 events were
selected for 1992 geometry and 1 448 413 events for 1993 geometry. 110 234 HERWIG 5.6 events
were selected with 1992 geometry.
Protons were identied by their dE=dx. Tracks were required to have a dE=dx estimated from
at least 150 wire measurements. The momentum range 1:35 < p < 2:35GeV=c, corresponding to
the cross-over of p, K and  dE=dx \bands", was excluded. In order to reduce the contamination
due to protons arising from nuclear interactions in the detector walls, tracks were required to
originate from within a cylinder of radius 0.5 cm and length 4.0 cm centred on the interaction
1
The data will be corrected for acceptance using an event generator based on the DYMU [6] and JETSET 7.3
programs, with a modied description of the decays of b and c hadrons [7].
1
point. Given a good dE=dx measurement, 
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A proton was selected if j
p
j < 3 and j
e;;K
j > 1:5. The distributions of selected protons were
compared in 1992 and 1993 data and found to be in good agreement. The data were therefore
combined. At low momentum the sample is virtually 100% pure, with a  60% eciency due
mainly to the requirement of at least 150 dE=dx measurements. However, there is an excess of
protons over antiprotons, due to protons released in interactions in the material of the detectors.
At high momentum, where the mean dE=dx for K and p are only  1 apart, the purity is  70%
with an eciency of only  16% due to the j
e;;K
j cut. A dierence in purity as determined
from JETSET and HERWIG was observed, arising from the dierent hadron fractions in the two
models. The fragmentation parameters of both models had previously been tuned to reproduce
global event-shape and charged-particle inclusive distributions [8].
Table 1 shows the numbers of unlike and like-sign pairs selected in data and Monte Carlo.
Events in which exactly two protons were found were selected for correlation studies. The
oppositely-charged pair sample will contain misidentied hadrons and protons and antiprotons
arising from dierent baryon{antibaryon pairs. Monte Carlo studies show that this background
is well reproduced by the distribution of like-sign pairs. These will be subtracted in the corrected
distributions.
3 Two particle correlations
Using the selected proton pairs, correlations have been studied in the following variables:
rapidity y, azimuth ' and cos 
?
, the angle between proton and sphericity axis in the proton{
antiproton rest frame, as described in the following sections. Distributions were corrected with
a sample of JETSET 7.3 events generated without initial state radiation, and with the default




were forced to decay. Consequently, the remaining baryons are protons and neutrons only. In
comparisons of data with Monte Carlo simulations, parameters relating to baryon production are
xed at their default settings unless specied otherwise.
Rapidity













Figure 1 shows the corrected rapidity distribution for all protons compared with the predictions of
JETSET and HERWIG. The distributions are signicantly dierent for small jyj < 2, with the data
lying between JETSET and HERWIG, reecting dierences in their momentum spectra [9]. The
errors shown are statistical. There are in addition large systematic errors arising from uncertainties
in the saturation of dE=dx measurements of highly-ionizing particles, and the simulation of nuclear
interactions in the material of detector. The rapidity distribution for antiprotons, given a tagging
proton or antiproton, is also low compared with JETSET at low jyj and exceeds JETSET at high
jyj. The integrated rate of pp pairs agrees well with JETSET as seen in Table 1. At large rapidity
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dierences between proton and antiproton, the rate due to misidentied hadrons and uncorrelated
proton{antiproton pairs is well described by the like-sign combinations.
Figure 2 shows the like-sign subtracted, corrected rapidity distribution for antiprotons given
a tagging proton in ve ranges of y. Since the length of any correlation is of primary interest,
the histograms have been normalized to unit area. There is a clear local compensation of baryon
number. The length of this correlation in JETSET is in fair agreement with the data, while





of proton and antiproton, with the proton always in the positive y direction. Given a tagging
proton, 70% of the excess of additional antiprotons over additional protons is found within one
unit of rapidity from the proton. Also shown are the predictions of HERWIG, and of JETSET
with three rates of popcorn production: 0%, 50% and 67%. The data prefer a high rate of popcorn
production.
Azimuth
Consider a generic three-jet event with the axes of the sphericity tensor superimposed. Azimuth
' is calculated in the plane perpendicular to the sphericity axis. Here 0() point out of the event
plane dened by the sphericity major and semi-major axes.
Figure 4 shows the like-sign subtracted, corrected ' distribution for antiprotons, given a tagging
proton in the shaded region. The histograms are normalized to unit area. With the tagging proton
out of the event plane (' = 0; ) the distribution is symmetric, with no clear attraction or repulsion
between proton and antiproton. This is well reproduced by JETSET, while HERWIG exhibits an
anticorrelation, peaking at ' = . Also shown is the distribution of randomly-chosen unlike-
sign pairs from JETSET. The pairs are chosen so as to reproduce the two particle momentum
distribution of selected proton pairs. The distribution in ' of random pairs when the tagging
particle is out of the event plane practically reproduces that of proton{antiproton pairs.
With the tagging proton in the event plane (' = =2), the distribution peaks strongly at
' = 0. The random sample shows no such peak. This \attraction" in ' between proton and
antiproton is due to the jet structure of hadronic events | hadrons nearby in rapidity may receive
a common sideways boost in multi-jet events, leading to a correlation in '. In order to investigate
this further, the distribution in '
jet
about the jet axis has been measured.
Jets were constructed using the Durham algorithm with y
cut
= 0:0025. This results in rates of
23%, 39% and 38% for two, three and four-or-more jets respectively. Azimuth '
jet
was measured
in the plane perpendicular to the jet axis for proton pairs in which both particles were associated
with the same jet. The axes are chosen so that 0() point out of the event plane. Figure 5 shows
the like-sign subtracted, corrected '
jet
distribution compared with JETSET and HERWIG, and
random unlike-sign pairs. The histograms are normalized to unit area. The data show a slight
enhancement at '
jet
= , when the tagging proton is out of the event plane, well reproduced
by JETSET. HERWIG peaks more prominently at , indicating a stronger transverse momentum
compensation.
Varying the popcorn fraction in JETSET does not result in signicant changes in the length





The angle between proton and sphericity axis in the proton{antiproton rest frame, 
?
, was
rst used to discriminate between baryon production models by the TPC/2 collaboration [10].
Proton{antiproton pairs arising from the isotropic decay of a mesonic quark cluster have a at
distribution in cos 
?
, whereas in a string-like mechanism, the momentum dierence is expected
to lie along the string direction on average. Figure 6 shows the like-sign subtracted, corrected
j cos 
?
j distribution, compared with the predictions of HERWIG and JETSET. The histograms
are normalized to unit area. HERWIG, in which protons arise from the decay of colourless quark{
antiquark clusters, has a at distribution. The data, however, peaks at j cos 
?
j = 1, and are
well reproduced by JETSET. The distribution of randomly-chosen unlike-pairs peaks much more
narrowly at j cos 
?
j = 1 than do proton{antiproton pairs.
4 Systematics studies
The dampening eect of misidentied hadrons and unassociated protons on correlations have
been avoided by subtracting like-sign pairs from the distributions. Dierences between data
and Monte Carlo simulation, and topology dependence (for example in jet reconstruction) may
introduce some biases. The following possibilities have been considered:
 Tightening the cuts j
p
j < 1:5 and j
e;;K
j > 2:0.
Of these two cuts, that on j
e;;K
j is most restrictive. However, tightening this cut, and
hence reducing the proportion of high-momentum protons selected from the relativistic rise
where dE=dx bands overlap, leaves the correlation plots unchanged.
 Dividing the sample into tracks with momentum < 2GeV=c or > 2GeV=c.
These two samples contain dierent backgrounds | at high momentum the background is
from misidentied particles due to the overlap of dE=dx bands, while at low momentum the
sample is pure, but contains protons arising from nuclear interactions in the detector walls.
High-momentum particles are rarely found with large p
T
with respect to the event plane,
or with low jyj, so these regions of the distributions are empty. Otherwise there is good
agreement between the two samples.
 Comparing ' for two-jet-like events (of sphericity < 0:002) with '
jet
for all events.
A sphericity of 0.002 corresponds roughly to the division between two and three-jet events
with y
cut
= 0:0025. In such linear events, the distribution in ' about the sphericity axis
follows that in '
jet
about the jet axis, as expected.
 Using a very high y
cut





, the proton and antiproton must be in the same jet. As y
cut
! 0, the number of




. Conversely, as y
cut
! 1, all events become two-jet events, and the proton{
antiproton pair may experience a common sideways boost with respect to the \jet" axis.
With a y
cut
= 0:0005, the '
jet
distribution follows that with y
cut
= 0:0025. For y
cut
= 0:02
the distribution with a tagging proton out of the event plane ('
jet
= 0; ) is unchanged; in
the event plane, '
jet
tends to ' due to the presence of multijet events, as expected.
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Throughout, the data have been corrected with JETSET. Correcting with HERWIG, the
agreement with both models is worse.
The majority of protons arise from the decays of heavier baryons. In the JETSET Monte Carlo,
proton pairs were divided into classes where both were either produced directly from the string
(\primary"), from  decays or from  decays. Comparing these subsamples, no dierence was
seen in azimuth distributions. A less pronounced, but still prominent, peak at j cos 
?
j = 1 was seen
for primary protons compared with those from decays. In rapidity a slightly shorter correlation
length was observed for primary protons. These eects can be explained by a smearing of the
original baryon distributions as a result of their decays.
5 Conclusion
Proton{antiproton correlations in hadronic Z decays have been studied in rapidity, azimuth
and cos 
?
, the angle between proton and sphericity axis in the proton{antiproton rest frame.
A strong local compensation of baryon number in rapidity is observed: given a tagging proton,
70% of the excess of additional antiprotons over additional protons is found within one unit of
rapidity from the proton. With the parameters relating to baryon production xed at their default
settings, a shorter correlation length is predicted by both JETSET and HERWIG. No evidence for
an anticorrelation in azimuth is seen. The data are well reproduced by JETSET, while HERWIG
predicts a anticorrelation in azimuth. Both data and JETSET peak at j cos 
?
j = 1, while the
cluster decays in HERWIG give a at distribution.
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Number of pairs Fraction of events
unlike sign like sign unlike { like with pp only (%)
data 22177 11820 10357 11:5 0:2
JETSET 7.3 72770 42123 30647 11.6
HERWIG 5.6 2037 1084 953 13.8
Table 1: Number of unlike-sign and like-sign pairs selected in data
and Monte Carlo. Also shown is the like-sign subtracted, accep-
tance corrected fraction of events containing one pp pair and no




















Figure 1: Corrected rapidity distribution for all protons, compared
with the predictions of JETSET 7.3 and HERWIG 5.6. The errors
shown are statistical. The regions 0:6 < jyj < 1:6, corresponding
approximately to the excluded momentum range, have very large
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Figure 2: Like-sign subtracted, corrected rapidity distribution of
antiprotons, given a tagging proton in the shaded region. The er-
rors shown are statistical. Superimposed are the predictions of
JETSET and HERWIG. The histograms are normalized to unit
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Figure 3: Like-sign subtracted, corrected distribution of rapidity




) of proton and antiproton, with the proton
always in the positive y direction. The errors shown are statistical.
Superimposed are the predictions of HERWIG, and of JETSET
with three rates of popcorn production: 0%, 50% and 67%. The
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Figure 4: Like-sign subtracted, corrected ' distribution of antipro-
tons, given a tagging proton in the shaded region. ' is measured
in the plane perpendicular to the sphericity major axis. The errors
shown are statistical. Superimposed are the predictions of JETSET
and HERWIG, and the distribution for randomly-chosen unlike-sign
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Figure 5: Like-sign subtracted, corrected '
jet
distribution of an-
tiprotons, given a tagging proton in the shaded region. '
jet
is
measured in the plane perpendicular to the jet axis. The errors
shown are statistical. Superimposed are the predictions of JETSET
and HERWIG, and the distribution for randomly-chosen unlike-sign































is the angle between proton and
sphericity axis in the proton{antiproton rest frame. The errors
shown are statistical. Superimposed are the predictions of JETSET
and HERWIG, and the distribution for randomly-chosen unlike-sign
pairs taken from JETSET. The histograms are normalized to unit
area.
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